Introduction
Heart failure (HF) is a worldwide pandemic. According to the latest American Heart Association Heart Disease and Stroke Statistics 2011 Update, HF affects approxi-gan function, optimize hemodynamics, augment functional capacity and improve the quality of life (QOL) of end-stage HF patients awaiting heart transplantation with an acceptably low side effect profile [4] [5] [6] [7] [8] [9] . Figure 1 shows a representative first-generation LVAD with the device implanted in the abdominal cavity below the diaphragm, with the inflow cannula positioned in the left ventricular apex drawing blood from the left ventricle and the outflow cannula anastomosed to the ascending aorta [10] . There is a driveline cable that exits the skin and is attached to an external controller that is powered by portable batteries. This first-generation device is now essentially obsolete.
The landmark REMATCH trial (Randomized Evaluation of Mechanical Assistance for the Treatment of Congestive Heart Failure) assessed the outcomes of end-stage HF patients who were ineligible for heart transplantation that were randomized to medical management or implantation of the HeartMate vented electric LVAD (Thoratec Corporation, Pleasanton, Calif., USA) [10] . The investigators demonstrated a marked reduction of 48% in the risk of death from any cause in the group randomized to the LVAD arm with a 1-year survival rate of 52% in the device group compared to 25% in the medical therapy group. However, despite these results, this technology was not initially widely embraced by the medical community due to concerns regarding the large size of the pump, limited durability of the device and adverse events such as infections related to the large percutaneous driveline.
Over the past 15 years, the second generation of pumps utilizing continuous-flow (CF) technology has been developed with only a single moving part, the rotor, thus significantly reducing the size of the pump and providing more durable support with less mechanical wear compared to the first-generation LVADs. Recently, third-generation pumps without mechanical bearings have been developed that suspend the impeller with magnetic or hydrodynamic suspension systems. The CF rotary pump design consists of axial (mainly second-generation) or centrifugal (mainly third-generation) pump platforms. The main differences between axial and centrifugal pump performance may best be illustrated by analyzing the differences in pump head curves of the two designs. The pump head curve describes the relationship between the flow generated by an axial or centrifugal VAD and the difference in pressure across the inlet and outlet of the pump (pump delta P) that is generated as the VAD and is placed in between the left ventricle and systemic circulation. There is a separate pump head curve that may be generated with different pump speeds. With axial flow pumps, there is a steep and inverse linear relationship between flow and pump delta P. For example, flow increases as pump delta P decreases and vice versa. If the pump delta P is 40 mm Hg in ventricular systole and 80 mm Hg in diastole, for axial flow pumps, this produces a less pulsatile waveform ranging from 3 to 7 l/min during the cardiac cycle ( fig. 2 ) [11] .
In contrast, centrifugal pumps have a relatively flat head curve whereby these pumps operate over a wide range of flows for small changes in delta P across the pump. With the same delta P as illustrated above of 40 mm Hg in systole and 80 mm Hg in diastole, the centrifugal pump generates large changes in flow ranging from 0 to 10 l/min, similar to a pulsatile LVAD ( fig. 2 ) [11] .
Another important difference between axial and centrifugal pump designs is the performance of the pump as flow decreases. As illustrated in figure 3 [11] , as pump flow decreases from 4 to 2 l/min (which may happen clinically with dehydration, arrhythmias or right ventricular failure), there is a significant increase in pump delta P which may predispose to inlet cannula obstructive events, known as 'suction events'. With centrifugal pump designs, as the pump flow drops from 4 to 2 l/min, the delta P remains constant, thus inlet suction events would be less common.
In 1998, the MicroMed-Debakey VAD was the first of four axial CF pump designs to enter the clinical arena, HeartMate II (HM II) and Incor [12] [13] [14] [15] . The first centrifugal magnetically levitated platform to enter clinical trials was the Terumo DuraHeart in 2004 [16] . A simplified schematic of a volume displacement pump, axial flow pump and centrifugal designs is shown in figure 4 [17] . Because of the smaller size, increased durability and decreased risk of infection due to a smaller driveline, the newer-generation CF LVADs are the most commonly used devices today. The recent Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) report, a registry of FDAapproved durable devices jointly sponsored by the National Heart, Lung, and Blood Institute (NHLBI), Centers for Medicare and Medicaid Services (CMS), the FDA and industry, clearly demonstrates the trend in the use of CF LVADs compared to the first-generation pulsatile pumps ( fig. 5 ) [18] and the predominance of univentricular leftsided support compared to the total artificial heart (TAH) or biventricular support ( fig. 6 ) [18] . In this review, we will focus on the development and clinical application of select second-and third-generation CF pumps as these devices represent the most commonly used mechanical assist device technology today ( table 1 ). ifications were made. The original purge system bearing design of the device was derived from the original Hemopump and was later revised to journal bearings and subsequently to the ball-and-socket hydrodynamic bearing design. On July 27, 2000, the first human implantation of the HM II device occurred in a 64-year-old Israeli man at the Chaim Sheba Medical Center in Tel Hashomer, Israel. In 2001, the pump technology was acquired by Thoratec Corporation. The initial experience of feasibility and safety of the HM II device stemmed from the European experience that revealed the thrombotic potential of such devices. In fact, there was clot formation observed near the inlet and outlet stators where blood flow velocity and turbu- The first report of the implantation of the newly designed HM II device in the United States was by Frazier et al. [14] in November 2003 in an 18-year-old recipient. He went from New York Heart Association (NYHA) class IV symptoms to class I with improvement in end-organ function, underwent physical rehabilitation and was awaiting heart transplantation with more than 6 months of mechanical support at the time of the report.
Four years later, Miller et al. [19] published the results of a multicenter study of 133 advanced HF BTT candidates that were implanted with the HM II device. The primary outcome was the proportion of patients who, at 180 days after implant, had a heart transplant, demonstrated heart recovery with explantation of the device, or had continued mechanical support while remaining on the transplant waiting list. The primary outcome was achieved in 100 patients (75%), with survival rates while on support of 75% at 6 months and 68% at 12 months. These improved results heralded a growth of LVADs, and the percentage of patients supported with an LVAD before transplant has increased.
In patients not eligible for transplantation (destination therapy or DT), Slaughter et al. [20] described the outcomes of a randomized trial comparing patients who were implanted with the HM II device compared to the older-generation pulsatile LVAD. In a 2: 1 randomized fashion, 134 patients were assigned to receive the CF LVAD and 66 patients were assigned to the pulsatile device. The primary outcome was the composite of, at 2 years following implantation, survival free from disabling stroke and reoperation to repair or replace the LVAD. The primary outcome was achieved in more patients implanted with the CF pump (46%) versus those implanted with the pulsatile device (11%; p < 0.0001). The 1-and 2-year survival rates after implant for the CF pump were 68 and 58%, respectively, compared to the 1-and 2-year postimplant survival rates for those with the pulsatile device, i.e. 55 and 24%, respectively. Park et al. [21] recently published the mid-trial DT results demonstrating improved 1-and 2-year survival rates (73 and 63%, respectively) compared to the early trial outcomes, along with improved side effect profile.
In addition to survival benefit, the CF LVADs significantly improve the functional status and QOL of patients. Data from patients enrolled in the BTT (n = 281) and DT (n = 374) HM II LVAD clinical trials were analyzed to assess changes in functional status (NYHA class, 6-min walk test, patient activity scores) and QOL (Minnesota Living with Heart Failure, Kansas City Cardiomyopathy Questionnaire) before and after LVAD implantation. Rogers et al. [22] report both early and sustained improvements in functional class: 82% of BTT and 80% of DT patients at 6 months and 79% of DT paColor version available online tients at 24 months after implant had improvements in NYHA class from IV at baseline to I or II [20] . The mean 6-min walk test of DT patients at baseline 204 m improved to 350 and 360 m at 6 and 24 months, respectively, after implant. Also, the patient-reported outcomes, QOL as reported by the Minnesota Living with Heart Failure and Kansas City Cardiomyopathy Questionnaire scores, improved.
On April 21, 2008 , the FDA approved the HM II device for patients awaiting heart transplantation and on January 20, 2010, for those ineligible for heart transplantation. Using data acquired from the INTERMACS registry, Starling et al. [23] evaluated the first 169 consecutive patients who were implanted with the HM II CF device who were listed for transplantation or likely to be listed from April through August 2008 at 77 centers in the US. The comparison group consisted of patients implanted for the same indication using other FDA-approved mechanical support devices (HeartMate XVE and Implantable Ventricular Assist Device, Thoratec Corporation) during the same time period. At 6 months, the percentage of patients who were transplanted, achieved myocardial recovery or had ongoing LVAD support was 91% for the HM II group and 80% for the comparison group. For those with ongoing LVAD support, the 1-year postimplant survival was 85% for HM II and 70% for the comparison group. These results confirm the earlier results of the HM II BTT pivotal trial [19] in a real-world, commercial, post-FDA approval market setting, lending further support to the continued use of CF LVADs for the treatment of advanced HF as BTT. The post-FDA approval results in the use of such devices as DT is currently being analyzed. To date, more than 10,000 HM II devices have been implanted worldwide and it is projected that this number will continue to increase rapidly.
Jarvik 2000 LVAS
The Jarvik 2000 (Jarvik Heart, Inc., New York, N.Y., USA) is an axial valveless CF pump that has a unique miniaturized design allowing implantation of the device intraventricularly, thus eliminating the need for an inlet cannula and for the surgical creation of a pump pocket below the diaphragm to house the pump. The original design was conceptualized by Robert Jarvik, with the blood pump inserted into the left ventriuclar apex and an outflow graft measuring 16 mm that is anastomosed to the ascending, descending or even the abdominal aorta. Because of the small size (90 g, 2.5 cm in diameter, similar to the size of a C-sized household battery), the device may be implanted via a standard sternotomy or a left thoracotomy approach and may be performed without the need for cardiopulmonary bypass or aortic cross-clamping. The pump speeds are typically in the range of 8,000-12,000 rpm with adjustments of 1,000 rpm increments via an analog controller, with average flow rates of 3-7 l/min. The blood-contacting surfaces of the pump are made of smooth titanium. Initial in vivo results were promising, demonstrating excellent hemocompatibility and short-and mid-term survival outcomes [24] . In addition, for this particular device, the surgeon may choose a postauricular pedestal instead of an abdominal cable as a driveline, which decreases the likelihood of device-related infections.
The US Pivotal BTT trial of 153 patients has completed enrollment and follow-up as of May 2012 with the analysis ongoing. The study received approval for an additional 25-patient enrollment in the Continued Access Protocol. In August 2012, the FDA announced the approval for the Pivotal DT trial RELIVE (Randomized Evaluation of Long-Term Intraventricular VAD Effectiveness).
DuraHeart LVAS
Since the mid 1990s, Terumo Corporation, the NTN Corporation and Setsunan University have been collaborating together to design a centrifugal pump with a magnetically suspended impeller system. Ex vivo and in vivo large animal studies have demonstrated long-term durability, no thrombogenicity and a low hemolysis rate on more than 2 years of support with this device [25] . The DuraHeart LVAS represents the first magnetically levitated centrifugal pump to enter into clinical trials in January 2004, with a total enrollment of 82 patients implanted with the DuraHeart LVAS through May 2009 in Europe. A total of 23 patients (28%) received a heart transplantation while supported on the device with a median time to transplantation of 157 days. The overall Kaplan-Meier survival for patients who continued on device support was 90% at 13 weeks, 85% at 6 months, 79% at 1 year and 58% at 2 years after device implantation. The DuraHeart LVAD is the first third-generation LVAD to be awarded market approval (Conformité Européenne mark) in February 2007 and is currently commercially available in Europe [16] . The Japanese BTT trial completed enrollment with premarket analysis ongoing. Currently, preclinical studies of the DuraHeart II device are underway with first in man implant anticipated for 2013. 
VentrAssist LVAS
The VentrAssist LVAS (Ventracor Ltd.) also represents the third-generation LVAD design utilizing a hydrodynamic suspension along with a pump housing design maximizing blood flow to the center of the rotor as well as overlying its outer surface, thus maximizing washout of all blood contacting surfaces and minimizing the potential thrombotic risk. This pump was tested in the animal lab over an approximate 4-year period with a cumulative experience of 55 sheep and a total support time of 4.8 years [26, 27] . The results of the single-arm multicenter BTT clinical trial of 33 patients demonstrated that at the 154-day prespecified postimplant trial end point, 39.4% of patients were transplanted and 42.4% continued on device support with transplant eligible status with a total success rate of 82%, meeting the primary outcome of survival to transplant or continued transplant eligibility while on device support [28] . However, soon after this trial was completed, the company was declared bankrupt and this device is no longer available for clinical use.
Levacor LVAS
The Levacor device (World Heart Corp.) is a thirdgeneration CF pump that combines both passive and active magnetically levitated components to generate flow. The passive mechanism involves permanent magnets and the active mechanism involves an active magnetic coil that works synergistically. The passive system counteracts almost all of the mechanical forces on the rotor, thus decreasing power consumption. The magnetically levitated system elevates the rotor, resulting in complete suspension with no physical contact with the pump housing. Initial results in humans were reported in a feasibility bridge to recovery protocol [29] , but further clinical applications of this device were not realized.
HeartWare LVAS
The HeartWare HVAD (HeartWare, Inc., Framingham, Mass., USA) is a small third-generation centrifugal pump with a fully integrated inflow cannula that is surgically implanted intrapericardially, thus eliminating the need for abdominal surgery to create a pump pocket. Initial animal studies of the HeartWare HVAD include Frazier and colleagues at the Texas Heart Institute where the investigators demonstrated excellent hemocompatibility of the device and end-organ effects in 6 healthy sheep [30] . The HeartWare HVAD entered the clinical arena in 2006. The first multicenter trial conducted in Europe and Australia involved 23 BTT patients in 5 centers with actuarial survival after implantation of 91% at 6 months and 86% at 1 year [31] . At the 180-day endpoint, 2 patients underwent successful heart transplantation, 2 patients died while on the device and 19 patients continued on device support after 180 days after implantation. Importantly, due to the intrapericardial placement of the pump without the need to create an abdominal pump pocket, the operation was relatively quick, with a mean time on cardiopulmonary bypass of 67 min (range 21-140). The study was followed by a larger trial of 50 patients conducted in Europe and Australia [32] . At 2 years, 20 (40%) received a heart transplant, 4 (8%) achieved myocardial recovery with device explantation, and 17 (34%) were on continued device support. The actuarial survival after implantation at 6, 12 and 24 months was 90, 84 and 79%, respectively. As a result of data submitted for the first 25 patients of this trial, in January 2009, HeartWare received the Conformité Européenne mark, and the HeartWare HVAD is currently commercially available in the European Union.
In the United States, the ADVANCE pivotal trial was a prospective, multicenter study to evaluate the HeartWare HVAD in BTT patients [33] . The enrollment period was from August 2008 to February 2010 with 140 patients. The treatment group was compared to a control group that was implanted with FDA-approved commercially available LVADs for the same indication, with data derived from INTERMACS. Of note, this landmark study represents the first LVAD study where the control group was accrued concurrently from the INTERMACS registry. This cooperation between government and industry we anticipate will engender future efficient, cost-effective clinical trials of new LVADs. The 180-day survival was 94% and the 360-day survival was 91%. The 30-day postimplant mortality was 1.4%. The Continued Access Protocol for ADVANCE granted by the FDA includes an additional 202 patients, and enrollment is currently underway. On November 20, 2012, the HeartWare HVAD has been FDA approved for use as BTT.
For patients not eligible for heart transplantation in the United States, ENDURANCE is a randomized, controlled, unblinded multicenter clinical trial to evaluate the HeartWare HVAD as DT compared to any FDA-approved LVAD for the same indication. The planned enrollment of 450 patients is now complete and follow-up data analysis is ongoing. The current CMS criteria for insurance reimbursement regarding LVAD placement for DT are shown in table 2 . Traditionally, LVADs have been primarily used to salvage patients presenting in cardiogenic shock or who have advanced end-stage HF; however, the MCS field is moving away, using durable mechanical support devices in these situations due to poor outcomes. Boyle et al. [42] have demonstrated improved survival and reduced hospital length of stay in patients implanted with an LVAD in INTERMACS profiles 4-7 compared to sicker advanced HF patients in INTERMACS profiles 1-3.
Given the advancement of LVAD pump technology with improvement in survival outcomes and the transition to the newer miniaturized CF pumps, the application of such technology to a broader population of HF patients that might benefit needed to be considered. In 2008, a working group consisting of experts in HF cardiology, cardiac surgery, medical ethics and regulatory affairs was convened by the NHLBI to advise on the latest HF management strategies, in particular on the potential application of LVADs to a 'less ill' but advanced HF population as it relates to clinical trial design [43] . The working group recommended that a multicenter randomized clinical trial comparing LVAD therapy in advanced, ambulatory, non-inotrope-dependent NYHA class IIIB/IV patients versus optimal medical management be performed to address this question. The NHLBI and National Institutes of Health are sponsoring the multicenter REVIVE-IT (Randomized Evaluation of VAD Intervention before Inotropic Therapy) feasibility clinical trial. This prospective, open-labeled, randomized trial will compare the LVAD therapy to optimal medical management in select non-inotrope-dependent patients with advanced HF who are not candidates for heart transplantation.
Thoratec Corporation has launched the ROADMAP (Risk Assessment and Comparative Effectiveness of Left Ventricular Assist Device and Medical Management in Ambulatory Heart Failure Patients) study that is currently enrolling. This is a prospective, multicenter, nonrandomized, controlled observational study evaluating the Thoratec HM II LVAS compared to optimal medical management in NYHA class IIIB or IIIB/IV non-inotrope-dependent patients who are not listed for heart transplantation or are not planned for such listing in the following 12 months of enrollment.
Both trials will be provocative and informative regarding the use of LVADs in ambulatory advanced HF patients and may expand current CMS indications for MCS.
Limitations of LVADs
Despite the remarkable development of LVADs from conception, preclinical studies, large randomized clinical trials now to FDA-approved therapy for advanced HF, there are important limitations of LVAD therapy that need to be considered. The percutaneous driveline that exits the skin may potentially serve as a nidus of infection, in particular if the driveline site is not cared for adequately, or if the driveline itself is accidently pulled due to physical trauma. In addition, CF LVADs require both antiplatelet and anticoagulation therapy that will exacerbate gastrointestinal bleeding, in the setting of LVAD-acquired von Willebrand's syndrome or arteriovenous malformation. Conversely, cerebrovascular events (hemorrhagic, ischemic) may occur, sometimes despite therapeutic levels of anticoagulation. Although uncommon, one of the most feared and potentially life-threatening complications is pump thrombosis that may require treatment with intensified intravenous anticoagulation/antiplatelet regimens, thrombolytic therapy or pump exchange. The de- 10 velopment of de novo aortic insufficiency (AI) has been described with LVAD therapy due to decreased left ventricular end-diastolic pressures as the left ventricle is unloaded combined with increased aortic root pressure due to the output of the device. Also, AI may develop with fusion of the aortic valve leaflets if the speed of the device is maintained at high speeds for prolonged periods of time. If severe, AI would cause a vicious loop of decompensated HF as the LVAD would not be able to fully unload the ventricle. To help minimize the development of significant AI following LVAD implantation, it has become customary to repair the aortic valve at the time of LVAD implant if AI is at least of moderate degree and to maintain aortic valve opening at a 1: 3 ratio to the cardiac cycle. Finally, it is an area of intense investigation regarding the potential long-term effects of CF physiology on end-organ function. John et al. [44] described the complete side effect profile of 1,496 HM II patients in the HM II BTT post-trial era where the most common adverse events associated with HM II implantation were bleeding (38%) and infection (36%). Similarly, a review of the INTER-MACS database between June 2006 and December 2011 has demonstrated that among 1,160 CF LVADs that were implanted as DT, the highest adverse event rates/100 patient-months in the first year after implantation was bleeding and infection, followed by respiratory failure, neurological events and renal dysfunction [45] .
Future Directions of MCS and Clinical Recommendations
The adverse events mentioned above underscore the need for continual research and development for future LVAD designs to continue to improve morbidity and mortality as well as patient satisfaction and QOL. Designs are underway for smaller third-generation CF pumps that would allow for faster and easier surgical implantation without compromising durability and flow generation. Rechargeable batteries with prolonged battery life span as well as improving peripheral equipment to make them smaller and lightweight to increase patient comfort are being developed. One of the Achilles' heels of current LVAS is the percutaneous driveline. There are developments underway to design completely implantable LVADs with internal components, including implantable batteries that are rechargeable transcutaneously. Such a system would allow an LVAD patient to be completely submerged in water and participate in activities such as swimming and would importantly eliminate drivelinerelated infections completely. Remote monitoring and device interrogation akin to the advances seen in defibrillators and cardiac resynchronization therapy devices are future goals of MCS therapy.
Many valuable insights to guide the future of MCS therapy have been learned from the INTERMACS registry (www.intermacs.org). Improved LVAD outcomes [18] . The additional major 'shift' has been an increased use in patients awaiting cardiac transplantation and a reduction in the waiting list mortality since 2006 [46] . The heart transplant community now embraces the philosophy that contemporary LVAD therapy used 'earlier' rather than as a bail out strategy for a critically ill patient provides improved survival and QOL. LVADs now can increasingly allow patients with advanced HF the opportunity to live longer with better QOL outside the hospital during the lengthy wait for a donor organ.
Conclusion
The evolution of MCS over the past 5 decades has been extraordinary, with the survival outcomes of the most recent BTT and DT LVAD trials summarized in tables 3 and 4 , respectively. From the original LVAD prototype designed by Michael DeBakey in the 1960s to the now second-and third-generation CF pumps with marked improvements in patient outcomes and device durability/ capability, these are the results of a multidisciplinary approach of advancing the field of MCS from conception to in vitro and animal models to now becoming the standard of care for many advanced HF patients. With the everincreasing worldwide epidemic of HF and the advances of LVAD therapy on morbidity, mortality, functional status and QOL, MCS will remain a cornerstone in the arsenal of therapeutic options in the care of the advanced HF patient.
